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Rhodium-rich catalysts doped with rare earth oxides 



The present invention relates to a novel catalyst comprising at least one support 
material, rhodium as active metal either alone or in combination with further active 
metals from the platinum metal group and also at least one rare earth oxide as pro- 
moter, wherein the mass ratio of rhodium to the sum of further active metals from 
the platinum metal group is at least 1:4.5. In contrast to the catalysts of the prior 
art, ageing or deactivation caused by sulphur-containing deposits can be minimised 
in the catalyst of the invention. The present invention further provides a method of 
purifying exhaust gas from internal combustion engines which are predominantly 
operated in a lean mode and in which the catalysts of the invention are used in a 
rich-lean cycle. 

The important objectives which have to be achieved in internal combustion engines 
include, at least since the 1970s, reduction of the fuel consumption and minimisa- 
tion of pollutant emissions. Owing to the predominant importance of these pa- 
rameters, in particular due to the continually increasing density of traffic and lim- 
ited resources (among which a pollutant-free atmosphere now has to be included), 
very intensive work has been carried out in this field. This fact is reflected, in par- 
ticular, in a comprehensive prior art. 

Despite the large number of existing approaches to a solution, there are still many 
problems which are of particular significance in the technical field, in particular the 
problem of improving the ageing resistance of catalysts and their resistance to de- 
activation by sulphur compounds which is addressed in the present invention. This 
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applies particularly to catalysts which are used for purifying exhaust gases from 
engines operated in the so-called non-stoichiometric region. Such a mode of op- 
eration occurs, for example, in engines which are run preferentially under lean 
conditions, i.e. at an excess of oxygen, and which are regarded as a type of engine 
5 which is of particular significance for the future. 

An overview of NO x catalysis in general with references to the most common ex- 
haust gas catalysts and in particular DeNO x catalysts and NO x storage catalysts 
may be found in W. Strehlau et al. Neue Entwicklungen in der katalytischen Ab- 
gasnachbehandlung von Magermotoren, "Motor und Umwelt" conference (1997) 
and in Weisweiler Entfernen von Stickstoffoxiden aus Sauerstoff enthaltenden 
Automobilabgasen, Chemie. Ing. Technik 72 (2000) pp. 441-449. This document 
focuses on the description of catalysts for engines into which gasoline is injected 
directly (fuel-injection engines), i.e. for lean-bum engines. In particular, it is stated 
that catalysts using continuous DeNO x technologies of the prior art are not suffi- 
ciently selective in lean operation to allow exhaust gases to be freed of nitrogen 
oxides, hydrocarbons and carbon monoxide, so that they adhere to the limits for the 
loading of exhaust gases with the abovementioned substances which apply in 
Europe at present and in the future (EURO III/IV). Disadvantages of DeNO x cata- 
lysts are that Pt catalysts in this mode of operation display increased nitrous oxide 
formation and zeolite catalysts have an unsatisfactory thermal stability. The unsat- 
isfactory efficiency of DeNO x catalysts for lean-bum engines can be attributed 
quite generally to the oxygen excess prevailing in lean operation, which hinders the 
catalytic reduction of NO x over active metals. The DeNO x catalysts under discus- 
sion are, for example, HC-SCR catalysts (SCR = selective catalytic reduction; HC 
= hydrocarbon) using iridium and platinum technologies, as are described, inter 
alia, in US 5 474 965 or EP A 0 602 602. 

A technology which is superior to the HC-SCR catalysts makes use of the storage 
(adsorption) of NO x in basic oxides during lean operation. Nitrates formed in this 
way are then decomposed catalytically into nitrogen and oxygen in a complicated, 
programmed sequence of running the engine in short "slightly rich phases" (i.e. 
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with a deficiency of oxygen) under then reducing conditions. Such catalysts are 
accordingly described as "NO x storage catalysts" or as "NO x adsorbers". The 
function of such storage catalysts is described in detail in the SAE document 
950809. Suitable NO x storage materials are in principle all materials which, owing 
5 to their basic properties, are able to store nitrogen oxides as nitrates, which have to 
be stable under the prescribed temperature conditions. Preference is accordingly 
given to salts of the alkali metals (Na, K, Rb, Cs) and the alkaline earth metals 
(Mg, Ca, Sr, Ba) as storage materials, with the salts preferably being oxides, hy- 
droxides or carbonates. 

10 

For the purposes of the present invention, the generic terms "alkali metal oxides", 
"alkaline earth metal oxides" and "rare earth oxides" generally encompass not only 
the stoichiometric oxides but also the corresponding carbonates, hydroxides, sub- 
oxides, mixed oxides and any mixtures of at least two of the abovementioned sub- 
15 stances. The term "NO x storage materials" refers to appropriate alkali metal oxides 
and/or alkaline earth metal oxides according to the definition just given. 



However, a noticeable disadvantage for the commercial use of these catalysts is the 
strong tendency of the basic NO x storage materials to form sulphates. Deactivation 

20 and/or poisoning of catalysts becomes apparent, in particular, in long-term use, i.e. 
for example up to 160,000 km in the case of automobile engines. The first effects 
of ageing and deactivation can appear, depending on the mode of operation, after 
only 5-20 hours of operation. Even in low-sulphur fuels, the sulphur content is 
high enough for, especially in long-term operation, sufficient sulphates to be de- 

25 posited on the catalyst as a result of the high affinity of the basic alkali metal ox- 
ides or alkaline earth metal oxides for S0 2 and SO3 (= SO x ) to deactivate the cata- 
lyst to a substantial extent. In principle, desulphation (= removing of S)can be car- 
ried out by making the exhaust gas slightly rich and increasing the temperature. 
However, in the case of alkali metal oxides and alkaline earth metal oxides as NO x 

30 storage materials, this is only possible above temperatures of > 600°C in the si- 
multaneous presence of air index numbers of < 1. Such exhaust gas conditions are 
difficult to achieve in gasoline engines in lean operation, particularly when they are 
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not run under high load from time to time. In the case of diesel engines, such ex- 
haust gas conditions do not occur at all in realistic practical operation. 



Specific instructions for producing such an NO x storage catalyst may be found, for 

5 example, in US 6 004 521. The catalyst described there for the purification of ex- 
haust gases under non-stoichiometric conditions comprises (i) a heat-resistant sub- 
strate, (ii) a porous layer applied to the substrate, (iii) platinum or palladium as 
active component and (iv) an NO* store in a well-defined molar ratio to the sub- 
strate. The NOx store is selected from among the salts of: Ba, Sr, Ca (preferred), La 

10 and Y and also Li, Na and K. Further significant characteristics of the catalyst of 
US 6 004 521 are the direct proximity of the storage material to the active metal 
and the fine dispersion of the two components in the porous layer. Since the cata- 
lysts mentioned in this document are NO x storage catalysts, the abovementioned 
problems in respect of deactivation resulting from sulphur deposits are particularly 

15 relevant. The problem of ageing of NO x storage catalysts is addressed in EP 
A 0 982 066, although the possible reaction of the storage material with the sup- 
port rather than ageing/deactivation as a result of sulphur deposits is discussed 
there. As a solution to this problem, it is proposed that doped cerium oxide, ce- 
rium/zirconium mixtures, titanates, stannates, zirconates, rare earth metal oxides or 

20 mixtures thereof be used as support materials. 



Rare earth oxides in NO* storage catalysts in conventional ^-controlled three-way 
operation are used in various ways, either (i) as described in EP 0 982 066 as sup- 
port for the actual active basic storage materials, (ii) as oxygen store for supporting 
25 the function of the catalyst under approximately stoichiometric exhaust gas condi- 
tions, (iii) for the thermal stabilisation of oxidic supports or (iv) as NO x storage 
material itself. Especially with regard to point (iv), lanthanum oxide is particularly 
preferred because of its high basicity compared to all other rare earth oxides. 

30 Thus, for example, EP0 645 173 describes an NO x storage catalyst in which lan- 
thanum oxide is used together with an alkali metal oxide or alkaline earth metal 
oxide. The addition of alkali metal oxides or alkaline earth metal oxides is neces- 
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sary since the NO x storage efficiency of the lanthanum oxide alone is not suffi- 
cient. The patent discloses a mixture of platinum and palladium as active metals. 
Rhodium is not used at all in this patent. The catalysts mentioned in the examples 
of EP 0 692 302 provide only for the use of lanthanum oxide together with at least 
5 one further alkali metal oxide or alkaline earth metal oxide, as in EP0 645 173. 
The inventors propose a platinum/rhodium mass ratio of 5:1, preferably 10:1 or 
above. 

An alternative approach to NO x storage catalysts has been put forward in T. Naka- 
tsuji et al., AppL Catalysis B 21 (1999) 121-132, or in T. Nakatsuji and V. 

10 Komppa, AppL Catalysis B 30 (2001) 209-223. The catalysts described in these 
studies consist essentially of rhodium, iridium or platinum on a porous support and 
are subject to a "two-phase NO x reduction cycle" i.e. a phase of lean operation 
followed by a precisely defined but at least ten times shorter phase of rich opera- 
tion. It was found that the Rh catalyst in particular operates by a completely differ- 

15 ent mechanism under the rich-lean conditions specified than do the NO x storage 
catalysts discussed above. The novel mechanism probably comprises (i) dissocia- 
tion of the nitrogen oxides into nitrogen and oxygen during the lean phase over 
reduced Rh followed by (ii) further reduction of the resulting oxidised Rh in a 
short rich phase. 

20 

Since no strongly basic oxides such as, in particular, alkali metal oxides or alkaline 
earth metal oxides are used in this process, the problem of deactivation of the ac- 
tive metal by formation of no longer decomposable sulphates which occurs in the 
case of NO x storage catalysts is circumvented. However, a disadvantage of the 

25 Nakatsuji catalyst is the exclusive reliance on Rh as catalytically active compo- 
nent. It is therefore of importance for practical use to provide a catalyst which has 
an improved efficiency compared with the Nakatsuji catalysts, in particular a 
catalyst which does not rely on the sole presence of rhodium and/or other platinum 
metals for the reduction of the oxygen formed on decomposition of nitrogen oxides 

30 in the lean phase. 
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The abovementioned catalysts of the prior art which are used for the treatment of 
exhaust gases from combustion engines, i.e. in particular for the simultaneous re- 
duction of nitrogen oxides to nitrogen, oxidation of hydrocarbons to water and car- 
bon dioxide and the oxidation of carbon monoxide to carbon dioxide, are charac- 
5 terized by at least one of the following disadvantages: (i) they cannot be used for 
engines in lean operation, in particular not for engines which operate continuously, 
i.e. virtually exclusively, under lean conditions, (ii) they display deactivation in 
long-term operation due to formation of sulphatic deposits which cannot readily be 
decomposed in normal operation and (iii) the efficiency for exhaust gas purifica- 
10 tion at a high throughput is too low for commercial applications as a result of the 
sole use of an active metal. 

It is therefore an object of the invention to provide a novel three-way catalyst 
which can be used in a method of purifying exhaust gases from internal combus- 

15 tion engines which are operated for at least some of the time under lean conditions. 
It should be ensured that, in particular, the poisoning/loading with sulphates which 
occurs in the case of NO x storage catalysts of the prior art during the course of 
ageing and cannot be reversed readily in realistic operation is minimised and that 
the efficiency of the NO x decomposition catalysts described in the prior art which 

20 are based on rhodium as active metal and are operated in a rich-lean cycle is sig- 
nificantly increased. 

The object of the invention is achieved by the provision of a novel catalyst which 
is characterized in that it comprises rhodium as active metal, either alone or in a 
25 mass ratio of at least 1:4.5 relative to the sum of further active metals, preferably 
from the platinum group, and also at least one rare earth oxide as promoter for the 
active metal. In the method of the invention, this novel catalyst is operated in a 
rich-lean cycle. *■ ~ — — 

30 Significant terms which are of importance for the understanding and interpretation 
of the present invention will be defined below. 
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Combustion engines are thermal energy converters which transform chemical en- 
ergy stored in fuels into heat by means of combustion and finally into mechanical 
energy. In the case of internal combustion engines , the air enclosed in a gastight 

5 and alterable working space (e.g. a cylinder) is the working medium defined in the 
sense of a heat engine and is at the same time the carrier of the oxygen required for 
combustion. Combustion occurs cyclically, with both the fuel and the (atmos- 
pheric) oxygen being freshly charged before each cycle. Depending on the specific 
cycle, e.g. described by means of a Carnot pV-work diagram, a precise thermody- 

10 namic distinction can be made between a gasoline (or 4-stroke spark ignition) en- 
gine and a diesel engine. A practical working definition of these types of engine is 
given below. 

An important criterion for classifying both engine types and catalyst types is the 
15 ratio of gasoline to air, expressed by means of the "air index" X. A value of X = 1 .0 
corresponds precisely to the stoichiometric ratio of gasoline to dry air, i.e. there is 
just enough air in the combustion chamber for all the gasoline to be able to burn 
stoichiometrically to carbon dioxide and water. In the technical literature, mixtures 
having a X of > 1 are referred to as "lean" (oxygen excess) and those having a X of 
20 < 1 are referred to "rich" (oxygen deficiency). For the purposes of the present in- 
vention, mixtures having a X of > 1.2 will be referred to as " lean" and those having 
a X of < 1.0 will be referred to as " rich " in order to provide a clear delineation from 
the stoichiometric region. Accordingly, the rich and/or lean mixtures defined in 
this way are also referred to as nonstoichiometric mixtures for the purpose of the 
25 invention. 

Conventional gasoline engines are characterized by the formation of a homogene- 
ous gasoline/air mixture outside the working space, i.e. the cylinder space, in 
which combustion takes place and by controlled externally induced ignition. Gaso- 
30 line engines require low-boiling and readily ignitable fuels (the ignition limits of a 
gasoline engine are typically in the range from X = 0.6 to X = 1.4). In the context of 
the present invention, it is of particular importance in terms of exhaust gas cataly- 
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sis that conventional gasoline engines which have a three-way catalyst regulated 
via a X probe are operated predominantly at a X value of about 1 (= stoichiometric 
operation). 



5 "Lean -burn engines " are gasoline engines which are operated predominantly with 
an excess of oxygen. For the purposes of the present invention, lean-burn engines 
are defined specifically by means of their X value, i.e. lean-burn engines for the 
purposes of the present invention are engines which are, apart from fuel cut-off 
shutdowns, operated at least part of the time in the lean state, i.e. at a X value of 1.2 

10 or above. In addition, it is naturally also possible for rich operating states to occur 
during the running of lean-burn engines: brief rich running of the engine and thus 
rich exhaust gases can be initiated by the engine electronics in modern injection 
systems or can also occur in natural operation while driving (e.g. in the case of 
load increases, at full load or when starting). An alternating operating mode made 

15 up of rich and lean cycles will be referred to as " rich-lean operation " for the pur- 
poses of the present invention. 



In particular, lean-burn engines are, for the purposes of the invention, generally the 
following embodiments: 

20 

• All gasoline engines with direct injection (fuel-injection engines) and oper- 
ating at X > 1, and also all gasoline engines having external formation of 
the mixtures. This class includes, inter alia, stratified charge engines, i.e. 
engines which have an ignitable mixture in the vicinity of the spark plug 

25 but otherwise an overall lean mixture, and also gasoline engines having 
unthrottled or slightly throttled part-load operation and/or high compression 
j n combination with direction injection. Examples of such engines are en- 
gines operated according to the Mitsubishi method (GDI = gasoline direct 
injection; common rail injection), the FSI (= fuel stratified injection) engine 

30 developed by VW or the BDE (= injection directe essence) engine designed 

by Renault; 
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• all diesel engines (see below); 

• multifuel engines, i.e. engines which burn readily ignitable and/or difficult- 
5 to-ignite fuels, fuel mixtures such as alcohols, bioalcohols, vegetable oils, 

kerosene, gasoline and any mixtures of two or more of the abovementioned 
substances. 

Diesel engines are characterized by mixture formation of an ignitable mixture, a 

10 heterogeneous fuel/air mixture and by self ignition. Accordingly, diesel engines 
demand ignitable fuels. In the context of the present invention, it is of particular 
importance that diesel exhaust gases have similar characteristics to the exhaust 
gases from lean-bum engines, i.e. continuously lean, namely oxygen-rich. Conse- 
quently, the catalysts for NO x reduction in conjunction with diesel engines have to 

15 meet similar demands in terms of nitrogen oxide elimination as do catalysts which 
are used for gasoline engines operated under lean conditions. However, a signifi- 
cant difference between diesel passenger car engines and gasoline passenger car 
engines is the generally lower exhaust gas temperatures of diesel passenger car 
engines (from 100°C to 350°C) compared with gasoline passenger car engines 

20 (from 250°C to 650°C) which occur during legally prescribed running cycles. A 
relatively low exhaust gas temperature makes the use of catalysts which are not or 
only slightly prone to sulphate contamination particularly attractive, since desul- 
phating is, as stated above, effective only at exhaust gas temperatures above about 
600°C. All that which has been said in the context of the present invention with 

25 regard to catalysts for lean-burn engines therefore also applies analogously to 
catalysts which are used for diesel engines. 

Catalysts specifically matched to different engines are required for exhaust gas 
treatment as a function of the mixture formation and the characteristic load-engine 
30 revolutions curve. Thus, for example, a catalyst for a conventional gasoline engine 
whose gasoline/air mixture is continuously set to X ~ 1 by means of injection and a 
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throttle and whose air index is optionally monitored by means of a X probe requires 
completely different functionalities for the reduction of NO x than does, for exam- 
ple, a catalyst for a lean-bum engine which is operated at X > 1.2, i.e. has an oxy- 
gen excess in normal operation. It is obvious that a catalytic reduction of NO x over 
5 an active metal is made difficult in the presence of an excess of oxygen. 

The term "three-way catalyst " as used for the purposes of the present invention 
refers quite generally to catalysts which remove three significant pollutants in the 
exhaust gas from combustion engines, namely nitrogen oxides (NO x ) by reduction 
10 to nitrogen, carbon monoxide by oxidation to carbon dioxide and hydrocarbons by 
oxidation to, in the ideal case, water and carbon dioxide. When a catalyst is used in 
diesel engines, a fourth task, namely the removal of soot by oxidation, can be 
added to the three tasks already mentioned. 

15 Conventional three-way catalysts for gasoline engines according to the prior art are 
used in stoichiometric operation i.e. at X values which are in a narrow range around 
1.0. The X value is set by regulating the gasoline/air mixture in the combustion 
chamber with the aid of injection devices and a throttle. In non stoichiometric op- 
eration, i.e. in non conventional operation, it is possible for X values which deviate 

20 significantly from 1.0, for example X > 1,2 or X > 2.0 or else X < 0.9, to occur. The 
discontinuous operation of an engine, i.e. alternating operation between lean and 
rich modes of operation of the engine is referred to as rich-lean operation . 

A particular embodiment of a three-way catalyst which can also be operated under 
25 non-stoichiometric conditions, in particular when lean states occur, is the NO^ stor- 
age catalyst. For the purposes of the present invention, an NO x storage catalyst is a 
- three-way catalyst which can function in rich-lean operation and whose chemical 
composition allows the nitrogen oxides NO x to be stored in a storage medium, 
typically a basic alkali metal oxide or alkaline earth metal oxide, in lean operation 
30 and the actual decomposition of the stored nitrogen oxides into nitrogen and oxy- 
gen to occur only in a rich phase under reducing exhaust gas conditions. 
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In contrast, an NO^ decomposition catalyst is, for the purposes of the present in- 
vention, a three-way catalyst which can likewise function in rich-lean operation 
and whose chemical composition allows the nitrogen oxides NO x to be decom- 
5 posed into nitrogen and oxygen over the catalyst in lean operation. In addition, the 
decomposition catalyst is active in respect of the oxidation of carbon monoxide 
and hydrocarbons to carbon dioxide and water. 

As criterion for distinguishing an NO x storage catalyst from the catalyst according 
10 to the invention which can formally be designated as an NO x decomposition cata- 
lyst, the Rh content of the active metal can be employed for the purposes of the 
present invention. It is known that Rh, in contrast to Pt, as active metal forms only 
little NO2 which can be stored in basic oxides from the nitrogen oxides. Accord- 
ingly, replacement of Pt by Rh (i.e. an increase in the Rh content) in NO x storage 
15 catalysts leads to a reduced catalytic activity in lean operation and thus to less effi- 
cient NO x removal. This means that little if any Rh is used for NO x storage cata- 
lysts and that the use of significant or even predominant proportions of Rh have 
been regarded by those skilled in the art as harmful to the solution to the problem 
of improving NO x conversion. Rh is used as additive even in conventional three- 
20 way catalysts. However, this is done to exploit the ability of Rh, like all metals of 
the platinum group, to react NO x , CO and hydrocarbons directly during stoichi- 
ometric and/or rich phases of operation. 

On the other hand, Rh is, unlike the other platinum metals, particularly suitable for 
25 decomposing NO x directly into nitrogen and oxygen in lean operation. This means 
that in the absence of basic alkali metal oxides or alkaline earth metal oxides as 
storage media for NO x , replacement of Pt by Rh (i.e. an increase in the Rh content) 
leads to an increased catalytic activity and thus to more efficient NO x removal 
(with the proviso that reduction of the Rh is induced at least briefly during opera- 
30 tion, i.e. by making the mixture richer). Accordingly, preference is given to using 
Rh in NO x decomposition catalysts. The particular mode of action of Rh compared 
with Pt becomes particularly apparent in the light of the surprising discovery that a 
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significant increase in the activity in respect of nitrogen oxide conversion of the 
decomposition catalysts based on Rh (cf. Nakatsuji catalysts as described in the 
prior art) can be achieved by adding rare earth oxides as promoters to the active 
metal or metals. 

5 Evidence for the surprising discovery that Rh in the catalyst of the invention reacts 
nitrogen oxides in lean operation by a different mechanism than do the Pt-based 
storage catalysts is provided by the following data: as is shown in the examples, it 
is found that the Rh-rich decomposition catalysts of the invention convert twice the 
amount of nitrogen oxides, i.e. are twice as effective, at temperatures above 360°C 

10 than do the otherwise identical Pt-rich catalysts. 

The method described in the present invention and the catalyst of the invention are 
designed for practicable long-term use for exhaust gas purification in motor vehi- 
cles. Accordingly, for the purposes of the present invention, " normal operation " 
15 refers to all exhaust gas compositions and temperatures which are typical for the 
operating points of an engine during the NEDC (new European driving cycle). In 
particular, starting of the engine, warming up and operation under extreme loads 
are not regarded as normal operation. 

20 The catalyst of the invention comprises at least the following constituents: 

(i) at least one porous support material; 

(ii) rhodium as active metal, either alone or together with at least one 
further active metal, where the mass ratio, based on the elements, of 

25 rhodium to the sum of all further active metals in the catalyst is at least 

1:4.5; 

(iii) as dopant added to the active metal, at least one rare earth oxide which 
functions as promoter. 
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As porous support material, it is in principle possible to use any material which is 
porous and which withstands the maximum temperatures occurring during opera- 
tion of the catalyst over the normal operating time for the removal of pollutants 
from motor vehicle exhaust gases. The refractory oxides, i.e. oxides which cannot 

5 be decomposed, and corresponding mixed oxides and/or oxide mixtures are of par- 
ticular importance. For the purposes of the invention, preference is given to using 
those porous support materials which have been found to be useful for conven- 
tional three-way catalysts and/or storage catalysts. Particular preference is given to 
silicates, in particular aluminosilicates, especially zeolites, and also titanium ox- 

10 ides, aluminium oxides, silicon oxides, zirconium oxides or mixtures of at least 
two of the abovementioned substances. 

As active metal, it is in principle possible to use any metal which, in the reduced 
state, can catalyse the decomposition of nitrogen oxides into nitrogen and oxygen, 
15 i.e. the transition metals and in particular the metals Cr, Mo, W, Mn, Fe, Co, Ni, 
Cu, Ag, Au, V, Nb or Ta. The metals of the platinum group, i.e. Ru, Rh, Pd, Re, Os 
and It, are more preferred. For the purposes of the present invention, the sole use 
of rhodium or the use of rhodium together with at least one further active metal 
from the platinum group is particularly preferred. 

20 

As regards the mass ratio of Rh to the sum of all further active metals, based on the 
elements, in the catalyst of the present invention, any value which leads to the 
catalyst of the invention displaying a better activity in rich-lean operation than do 
the catalysts of the prior art is conceivable in principle. A higher Rh content results 

25 in a greater catalytic activity. On the other hand, it has to be taken into account that 
Rh is at present about three times as expensive as platinum, so that for practical 
applications there is an economically optimal ratio of Rh to Pt which does not take 
account of only the activity of Rh. For the purposes of the present invention, a 
molar ratio of Rh to the sum of all further active metals of at least 1:1 is preferred. 

30 A ratio of at least 1:2 is more preferred and a ratio of at least 1:4 is even more pre- 
ferred, with a ratio of at least 1:4.5 being particularly preferred. 
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The ratio to be chosen in a specific case also depends on the temperature range 
(temperature of the exhaust gases) in which the catalyst displays the highest activ- 
ity in respect of the reduction of NO x . In particular, the low-temperature activity of 
the catalyst can be increased by addition of Pt to the Rh, but this is usually done at 

5 the expense of the high-temperature activity. Thus, the catalyst can be matched to 
the specific exhaust gas conditions of the particular engine by variation of the 
Rh:Pt ratio. For example, a catalyst according to the invention which is relatively 
rich in Pt would be advantageous for the after-treatment of diesel passenger car 
exhaust gases (relatively low exhaust gas temperatures), while a catalyst having a 

10 lower Pt content is advantageous for use in gasoline engines with fuel injection. As 
shown in the examples, it has also been found that doping of Rh with small 
amounts of Pt can lead to an increase in activity over the entire temperature range. 

As regards the weight ratio of active metal, i.e. the sum of Rh and all further active 
15 metals used, to the support material, preference is given to a proportion of from 
0.01% by weight to 5% by weight of active metal based on the total weight of ac- 
tive metal and support material, with a proportion by weight of from 0.1% by 
weight to 3% by weight being particularly preferred. As regards the proportion of 
rhodium relative to the porous support material on which it is immobilised, prefer- 
20 ence is given to a value of from 0.01% by weight to 5% by weight, with a value in 
the range from 0.1% by weight to 0.75% by weight being particularly preferred. 

For the purposes of the present invention, the above-described active metal has to 
be doped with at least one rare earth oxide, since it has surprisingly been found 

25 according to the present invention that the addition of at least one rare earth oxide 
makes it possible to increase the activity of the Rh -rich catalyst which does not 
contain basic oxides, in particular no alkali metal oxides or alkaline earth metal 
oxides. The composition of the catalyst of the invention very probably results in it 
acting not as storage catalyst but as decomposition catalyst towards the nitrogen 

30 oxides. Thus, the sulphate formation typical of storage catalysts is prevented or at 
least minimised in the catalyst of the invention. 
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The rare earth oxide or oxides is/are selected from the group consisting of La, Ce, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu oxides and mixtures of at least 
two of these oxides. Since basic oxides promote the undesirable sulphate forma- 
tion, particular preference is given according to the present invention to those rare 
5 earth oxides which have a low basicity. The basicity is determined simply by the 
atomic number of the rare earth metal, i.e. the further to the right that the rare earth 
element is located in the Periodic Table of the Elements, the less basic it is. 



In this context, reference may be made to the results presented in A. F. Holleman 
10 and E. Wiberg, Lehrbuch der Anorganischen Chemie, Verlag Walter de Gruyter, 
91 st -100 Ul Edition (1985), p. 1058, in particular to the fact that the basicity of the 
lanthanum oxides corresponds approximately to the basicity of calcium oxides, 
while the basicity of higher rare earth oxides, for example lutetium oxides corre- 
sponds to the basicity of AI2O3. These facts support the claim of the present inven- 
15 tion that the addition of a rare earth oxide to Rh leads to a particularly effective 
NO x decomposition catalyst. While the effectiveness of storage catalysts is in- 
creased as they become more basic (AI2O3, for example, which is used as support 
material for many catalysts, displays only a low storage activity because of its low 
basicity while the more strongly basic calcium and in particular barium oxides are 
20 the most effective storage materials), no such trend is found for the effectiveness of 
the decomposition catalysts of the invention. Rather, the rare earth oxides of Nd 
which have a particularly low basicity can be more effective when selecting a suit- 
able support oxide than the more strongly basic oxides of La or Ce (cf. for exam- 
ple, Figure 4 described in more detail in the examples). 

25 

For this reason, the less basic rare earth metal oxides from that of Pr onwards, i.e. 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu oxides or mixtures of at least two 
of these oxides, are preferred according to the present invention, with particular 
preference being given to praseodymium, samarium, europium, gadolinium, ter- 
30 bium, dysprosium, holmium, erbium, thulium or ytterbium oxides or mixed oxides 
or mixtures of at least two of the abovementioned rare earth oxides as promoters. 
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As regards the weight ratio of rare earth oxide to support material, any value in the 
range from 0.1% by weight to 98% by weight is possible in principle, with prefer- 
ence being given to a proportion of rare earth oxides, relative to the total amount of 
support materials, in the range from 2% by weight to 30% by weight. 

In a preferred embodiment, at least 30% by weight of the total rare earth oxides 
present in the catalyst are in contact with the active metal(s), with the contact being 
able to be established via a shared interface between rare earth oxide and active 
metal or via a third interface common to the rare earth oxide and the active metal 
or by means of both. 

In a particularly preferred embodiment, the rare earth oxide is doped with at least 
one further oxide selected from the group consisting of zirconium oxide, titanium 
oxide and hafnium oxide. 

Apart from the above-described necessary components of the catalyst of the inven- 
tion, all conceivable auxiliaries and/or additives can be used in producing the 
catalyst or for its subsequent treatment, e.g. mixed oxides of Ce/Zr as additives to 
the support material, binders, fillers, hydrocarbon adsorbers or other adsorbent 
materials, dopants for increasing the thermal stability and mixtures of at least two 
of the abovementioned substances. 

The effectiveness of the catalysts depends particularly on the macroscopic configu- 
ration and the morphology of the catalyst. For the configuration of the catalyst, all 
embodiments which have been found to be useful quite generally in catalyst re- 
search are preferred, i.e. in particular "washcoat" and/or "honeycomb" technolo- 
gies^' ' 

The last-named technologies are based on the predominant proportion of the sup- 
port material being milled in aqueous suspension to particle sizes of a few microns 
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and then being applied to a shaped ceramic or metallic body. In principle, further 
components in water-soluble or insoluble form can be introduced into the washcoat 
before or after the coating operation. 

5 After all constituents of the catalyst have been applied to the shaped body, the lat- 
ter is generally dried and calcined at elevated temperatures. 

Particular preference is given to forms of the support material which have a high 
BET surface area. As regards the pore structure, particular preference is given to 
macropores which are connected to form channels and coexist with mesopores 

10 and/or micropores. The mesopores and/or the micropores contain the actual cata- 
lytically active material, here the active metal together with the promoter. Further- 
more, it is preferred according to the present invention that (i) active metal and 
promoter are present together in direct topographical proximity and that (ii) active 
metal and promoter as a unit are distributed as homogeneously as possible in the 

15 porous support material. In principle, there are three conceivable configurations of 
the relative arrangement of Rh relative to the optional further active metal(s): (i) 
there are at least two types of support particles, for example aluminium oxide and 
zirconium oxide, and both Rh and the further active metal(s) are deposited on at 
least one of the at least two types of support particle but not on at least one other of 

20 the at least two support particles, (ii) Rh and the further active metal(s) are depos- 
ited together on at least one of the at least two different support materials while 
either Rh or the further active metal(s) is present on the other(s) of the at least two 
support particles, and (iii) Rh and the further active metal(s) are each applied to 
different support particles. 

25 

For many applications, it will be useful to immobilise part of the further active 
metal(s) together with the Rh on a common support oxide and to deposit another 
part of the further active metal separately from the Rh on another support oxide or 
the same support oxide, since targeted setting of the NO x temperature window of 
30 the catalyst is possible in this way. 
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To achieve homogeneous distribution of the catalytically active substances, i.e. in 
particular to achieve homogeneous distribution of active metals and rare earth ox- 
ides, it is in principle possible to use any process which is known to those skilled 
in the art for producing catalysts, in particular impregnated and coated catalysts. 
5 Examples which may be mentioned are: impregnation of the support materials with 
metal salt solutions, adsorption of metal salts from gases or liquids on the support 
materials, application by precipitation from solutions, formation of layers and/or 
double layers, introduction of colloids, gels, nanosize particles, spraying on or pre- 
cipitation from solutions. 

10 

The method according to the invention of reacting/detoxifying the exhaust gases 
from a lean-burn engine according to the principle of an above-defined three-way 
catalyst comprises operating the above-described catalyst of the invention in a rich- 
lean cycle. The time windows of this rich-lean cycle are selected so that the nitro- 
15 gen oxides are decomposed over the reduced active metal of the catalyst during the 
lean phase and the active metal remains in a (partially) reduced state even under 
lean conditions, i.e. in the presence of an excess of oxygen, due to it being inti- 
mately mixed with a promoter. 

20 This time window is given by two parameters, namely the duration of the lean 
phase and the ratio of lean phase to rich phase. In general, any choice of parame- 
ters which leads to a satisfactory integrated nitrogen oxide conversion is included. 
The duration of the lean phase depends largely on the concentration of oxygen and 
of nitrogen oxides in the exhaust gas and also on the total volume flow of exhaust 

25 gases and the temperature at the catalyst. The duration of the rich phase is deter- 
mined by the factors air index X, the concentrations of H 2 and CO in the exhaust 
gas and the total volume flow. The ratio of lean phase to rich phase is preferably 
greater than 5:1, more preferably greater than 10:1 and particularly preferably 
greater than 15:1. The duration of the lean phase can be any desired time, but for 

30 practical applications in normal operation a time window of from 5 to 240 seconds, 
in each case inclusive, is preferred and a time window of from 10 to 120 seconds is 
particularly preferred. 
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In this context, it should be noted that the method of the invention, like any method 
of catalysing exhaust gases in a regulated manner, is regulated or can be regulated 
not only by sensors and control codes but is also influenced by the way the engine 

5 is run. Thus, for example, "natural" enrichment occurs when the engine is acceler- 
ated to high speeds and/or abruptly or is operated under high loads. In such opera- 
tion states, operation can, for example, temporarily be switched to non-lean opera- 
tion at X = 1 or X < 1, or it is possible for the rich phase to continue for a longer 
period than is usual in normal, regulated operation, or that the rich phase is fa- 

10 voured as a result of the operating conditions. 

In a preferred embodiment, an NO x sensor is used for controlling the rich-lean cy- 
cle and a relatively rich phase in induced precisely when a predetermined NO x 
limit value is reached. 

15 

As regards the use of the catalyst of the invention, its installation in a position 
close to the engine or installation in a position under the floor is preferred. The 
catalyst of the invention can also be operated in combination with at least one fur- 
ther catalyst or filter selected from the following group: conventional light-off 

20 catalysts, HC-DeNO x catalysts, NO x storage catalysts, soot or particle filters. It is 
possible for, for example, the soot particle filter to be coated with the catalyst of 
the invention. The catalyst of the invention can be combined with the abovemen- 
tioned catalysts by (i) sequential arrangement of the various catalysts, (ii) physical 
mixing of the various catalysts and application to a common shaped body or (iii) 

25 application of the various catalysts in the form of layers to a common shaped body, 
and naturally by any combination thereof. 

A preferred mode of operation is also defined by the rich-lean operation being 
regulated by means of an NO x sensor which is preferably located downstream of 
30 the last exhaust gas catalyst, with a rich phase being induced when a prescribed 
NO x threshold value is exceeded. 
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The following examples illustrate the production of examples of catalysts accord- 
ing to the invention and demonstrate their improved properties compared with the 
prior art. The fact that this occurs in specific examples with specific numerical 
5 values being reported should not be regarded as any restriction of the scope of the 
invention as defined in the description and the claims. 

Brief description of the Figures 

10 In the following, a brief description of the Figures is given: 

Fig. 1: shows the NO x -conversion of storage catalysts according to the prior art. 

Fig. 2: shows the NO x -conversion of the catalysts of example 1, however, with the 
15 effect of poisoning / aging taken into account. 

Fig. 3: shows the NO x -conversion of catalysts according to the invention (Rh/Pt 
doped with rare earth oxide promoters.) 

20 Fig. 4: shows the NO x -conversion of the same catalysts as in Fig. 4, however, with 
the effect of poisoning / aging taken into account. 

Fig. 5: shows the CO oxidation capabilities of the catalysts according to the inven- 
tion. 

25 

Fig. 6: shows the HC oxidation capabilities of the catalysts according to the inven- 
tion. 
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Fig. 7: shows the increased activity of the catalysts according to the invention with 
an increasing Rh content. 

Fig. 8: shows the effect of rare earth doping on the NO x -conversion of the catalysts 
5 according to the invention. 

Fig. 9: shows the effect, or rather the lack thereof, of the basicity of the rare earth 
oxides used on the activity of the catalysts according to the invention. 

10 Fig. 10: shows (i) the effect of adding Pt to Rh and (ii) the effect of adding Ti, Zr 
or Hf oxides to the rare earth oxides, on the NO x -conversion for catalysts 
according to the invention. 

Example 1: Production of a Pt-Ba NO a storage catalyst by impregnation 

15 

For comparative purposes, an NO x storage catalyst corresponding to the prior art is 
produced. 

0.36 g of Y-AI2O3 miniliths (small monolithic shaped bodies) from Condea are im- 
20 pregnated with 240 pJ of a 0.49 molar barium acetate solution. The Y-AI2O3 
miniliths which have been impregnated in this way are dried at 80°C for 2 hours. 
They are subsequently impregnated further with 240 \i\ of a 0.365 molar cerium 
nitrate solution. The material is dried once again at 80°C for 2 hours. They are 
further impregnated with 

25 240 fxl of a 0.078 molar platinum nitrate solution. The miniliths are once again 
dried at 80°C for 2 hours and subsequently calcined at 500°C in air for 4 hours. 
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Example 2: Production of an Rh NO w decomposition catalyst without promoter by 
impregnation 

For comparative purposes, an Rh-based NO x decomposition catalyst without pro- 
5 moter (corresponding to the prior art) is also synthesised. 

100 ml of a 0.0189 molar rhodium nitrate solution are added to 10 g of extruded 0- 
zeolite from Uetikon. This solution is heated to 40°C and stirred until the super- 
natant solution is decolourised, i.e. the rhodium has mostly been taken up by the 
10 extrudate. The extrudate is filtered off, dried at 80°C and calcined at 500°C in air 
in a muffle furnace for 2 hours. 

Example 3: Production of a Pt/Rh catalyst doped with rare earth according to the 
invention by impregnation 

15 

The catalyst is produced as follows by sequential impregnation with aqueous pre- 
cursor solutions and subsequent calcination: 0.36 Y-AI2O3 miniliths from Condea 
are impregnated with 240 jal of a 0.83 molar gadolinium nitrate solution. The y- 
AI2O3 which has been impregnated in this way is dried at 80°C in a drying oven for 
20 2 hours. The miniliths are impregnated with 240 jxl of a 0.127 molar rhodium ni- 
trate solution and dried at 80°C. The miniliths are subsequently impregnated with 
240 ill of a 0.0078 molar platinum nitrate solution, dried at 80°C in a drying oven 
for 2 hours and calcined at 500°C in air in a muffle furnace for 4 hours. 

25 Example 4: Production of a Pt/Rh catalyst doped with rare earth according to the 
invention by precipitation 

This catalyst is produced by precipitation of the neodymiurn oxide and subsequent 
impregnation with the noble metal salts: 



30 
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0.36 g of Y-A1 2 0 3 miniliths from Condea are impregnated with 240 \x\ of a 0.71 
molar gadolinium nitrate solution. The gadolinium is precipitated onto the Y-AI2O3 
by addition of 100 |xl of a 20% strength NH3 solution. The miniliths are dried at 
80°C in a drying oven for 2 hours. The miniliths are subsequently impregnated 
5 with 240 fil of a 0.127 molar rhodium nitrate solution and dried at 80°C. The 
miniliths are impregnated with 240 |xl of a 0.0078 molar platinum nitrate solution, 
dried at 80°C in a drying oven for 2 hours and calcined at 500°C in air in a muffle 
furnace for 4 hours. 



10 All catalysts produced by the synthetic route described in Examples 1 to 4 and 
characterized in one of the following examples are shown in the table below. As 
support oxide (SO), use was made of either Y-AI2O3 (empty field) or Ti0 2 (t) or 
Z1O2 (z) or 0-zeolite (b). All weights reported in per cent by weight are based on 
the mass of the support oxide. Finally, the last column of the table gives the state 

15 of the catalyst, i.e. whether it is a freshly produced catalyst (= fresh) or an aged 
catalyst (= aged), i.e. a catalyst which has been exposed to sulphur impurities. 
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catalyst ID 


SO 


rare earth 
oxide 


al- 
kali- 
ne 

earth 
oxi- 
de 


IV 
B 

Oxi 
de 


mass 
of 
sup- 
port 
oxi- 
ce 


Rh 
loa- 
ding 
[% 
by 

Wt] 


Pt 

loading 

t *> oy 
wt] 


mass 
of 
rare 
earth 

oxi- 
de 

[% 
by 
wt] 


mass 
of 
alkali- 
ne 
earth 
metal 
oxide 

[% by 
wt] 


mass 
IVB 
oxi- 
de 
[Ge 
w.%] 


state 
of cat. 


Pt-Ba-1 




Ce0 2 


BaO 




0.36 




1.0 


4.0 


5.0 


_ 


fresh 


Pt-Ba-2 




Ce0 2 


BaO 


_ 


0.36 


_ 


1.0 


4.0 


10.0 


_ 


fresh 


Pt-Ba-3 




CeOa 


BaO 


_ 


0.36 


m 


2.0 


4.0 


5.0 




fresh 


Pt-Ba^ 




Ce0 2 


BaO 




0.36 


m 


2.0 


4.0 


10.0 


_ 


fresh 


Pt-Ba-5 




Ce0 2 


BaO 




0.36 




0.8 


4.0 


7.5 




fresh 


Pt-Ba-6 




CeCb 


BaO 




0.36 




2.2 


4.0 


7.5 




fresh 


Pt-Ba-7 




Ce0 2 


BaO 




0.36 


_ 


1.5 


4.0 


3.8 




fresh 


Pt-Ba-8 




Ce0 2 


BaO 




0.36 




1.5 


4.0 


12.0 




fresh 


Pt-Ba-9 




Ce0 2 


BaO 




0.36 




1.5 


4.0 


7.5 




fresh 


Pt-Ba-10 




Ce0 2 


BaO 




0.36 




0.2 


4.0 


8.0 




fresh 


Pt-Ba-1 1 




Ce0 2 


BaO 




0.36 




0.2 


4.0 


3.0 




fresh 


Pt-Ba-12 




Ce0 2 


BaO 


_ 


0.36 




- 1.1 


4.0 


12.0 


_ 


fresh 


Pt-Ba-1 3 




Ce02 


BaO 


_ 


0.36 




11 


4.0 


3.0 




fresh 


Pt-Ba-14 




Ce0 2 


BaO 




0.36 


_ 


0.8 


4.0 


0.0 




fresh 


Pt-Ba-1 5 




Ce0 2 


BaO 


_ 


0.36 


_ 


2.2 


4.0 


0.0 




fresh 


Pt-Ba-1 -a 




Ce0 2 


BaO 




0.36 




1.0 


4.0 


5.0 




aged 


Pt-Ba-2-a 




Ce0 2 


BaO 




0.36 




1.0 


4.0 


10.0 


— . 


aged 


Pt-Ba-3-a 




CeOj 


BaO 


• 


0.36 


_ 


2.0 


4.0 


5.0 


_ 


aged 


Pt-Ba-4-a 




Ce0 2 


BaO 




0.36 




2.0 


4.0 


10.0 




aged 


Pt-Ba-5 -a 




Ce0 2 


BaO 




0.36 




0.8 


4.0 


7.5 




aged 


Pt-Ba-6-a 




CeOz 


BaO 




0.36 




- 2.2 


4.0 


- 7.5 




aged 


Pt-Ba-7-a 




CeCh 


BaO 




0.36 




1.5 


4.0 


3.8 




aged 


Pt-Ba-8-a 




Ce0 2 


BaO 




0.36 




1.5 


4.0 


12.0 




aged 


Pt-Ba-9-a 




GXh 


BaO 




0.36 




1.5 


4.0 


7.5 




aged 


Pt-Ba-10-a 




CeCh 


BaO 




0.36 




0.2 


4.0 


8.0 




aged 
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Pt-Ba-ll-a 




Ce0 2 


BaO 


- 


0.36 


- 


0.2 


4.0 


3.0 


- 


aged 


Pt-Ba-12-a 




Ce0 2 


BaO 


- 


0.36 


- 


1.1 


4.0 


12.0 


- 


aged 


Pt-Ba-13-a 




Ce0 2 


BaO 


- 


0.36 


- 


1.1 


4.0 


3.0 


- 


aged 


Pt-Ba-14-a 




Ce0 2 


BaO 


- 


0.36 


- 


0.8 


4.0 


0.0 


- 


aged 


Pt-Ba-15-a 




Ce0 2 


BaO 


- 


0.36 


- 


2.2 


4.0 


0.0 


- 


aged 


Gd-Pt-Rh-1 




Gd 2 0 3 


- 


- 


0.36 


1.0 


0.0 


10.0 


- 


- 


fresh 


Gd-Pt-Rh-2 




Gd 2 0 3 


- 


- 


0.36 


0.9 


0.1 


10.0 


- 


- 


fresh 


Gd-Pt-Rh-3 




Gd 2 0 3 


- 


- 


0.36 


0.8 


0.2 


10.0 


- 


- 


fresh 


Gd-Pt-Rh-4 




Gd 2 0 3 


- 


- 


0.36 


0.5 


0.5 


10.0 


- 


- 


fresh 


Gd-Pt-Rh-5 




Gd 2 0 3 


- 


- 


0.36 


0.3 


0.7 


10.0 


- 


- 


fresh 


Gd-Pt-Rh-6 




Gd 2 0 3 


- 


- 


0.36 


0.2 


0.8 


10.0 


- 


- 


fresh 


Gd-Pt-Rh-7 




Gd 2 0 3 


- 


- 


0.36 


0.0 


1.0 


10.0 


- 


- 


fresh 


Nd-Pt-Rh-1 




Nd 2 0 3 


- 


- 


0.36 


1.0 


0.0 


10.0 


- 


- 


fresh 


Nd-Pt-Rh-2 




Nd 2 0 3 


- 


- 


0.36 


0.9 


0.1 


10.0 


- 


- 


fresh 


Nd-Pt-Rh-3 




Nd 2 0 3 


- 


- 


0.36 


0.8 


0.2 


10.0 


- 


- 


fresh 


Nd-Pt-Rh^t 




Nd 2 Q, 


- 


- 


0.36 


0.5 


0.5 


10.0 


- 


- 


fresh 


Nd-Pt-Rh-5 




Nd 2 0 3 


- 


- 


0.36 


0.3 


0.7 


10.0 


- 


- 


fresh 


Nd-Pt-Rh-6 




Nd 2 0 3 


- 


- 


0.36 


0.2 


0.8 


10.0 


- 


- 


fresh 


Nd-Pt-Rh-7 




Nd 2 0 3 


- 


- 


0.36 


0.0 


1.0 


10.0 


- 


- 


fresh 


Pr-Pt-Rh-1 




PreO,, 


- 


- 


0.36 


1.0 


0.0 


10.0 


- 


- 


fresh 


Pr-Pt-Rh-2 




PreOi, 


- 


- 


0.36 


0.9 


0.1 


10.0 


- 


- 


fresh 


Pr-Pt-Rh-3 




Pr 6 0„ 


- 


- 


0.36 


0.8 


0.2 


10.0 


- 


- 


fresh 


Pr-Pt-Rh-4 




Pr 6 O u 


- 


- 


0.36 


0.5 


0.5 


10.0 


- 


- 


fresh 


Pr-Pt-Rh-5 






- 


- 


0.36 


0.3 


0.7 


10.0 


- 


- 


fresh 


Sm-Pt-Rh-1 




Sm 2 0 3 


- 


- 


0.36 


1.0 


0.0 


10.0 


- 


- 


fresh 


Sm-Pt-Rh-2 




SmiOj 


- 


- 


0.36 


0.9 


0.1 


10.0 


- 


- 


fresh 


Sm-Pt-Rh-3 




Sm 2 0 3 


- 


- 


0.36 


0.8 


0.2 


10.0 


- 


- 


fresh 


Sm-Pt-Rh-4 




Sn^Os 


- 


- 


0.36 


0.5 


0.5 


10.0 


- 


- 


fresh 


Sm-Pt-Rh-5 




SnhCb 


- 


- 


0.36 


0.3 


0.7 


10.0 


- 


- 


fresh 


Sm-Pt-Rh-6 




SmjCh 






0.36 


0.2 


0.8 


10.0 






fresh 


Sm-Pt-Rh-7 




Sm 2 0 3 






0.36 


0.0 


1.0 


10.0 






fresh 


Gd-Pt-Rh-P-1 




GdjOj 






0.36 


1.0 


0.0 


8.0 






fresh 


Gd-Pt-Rh-P-2 




Gd 2 0 3 






0.36 


0.9 


0.1 


8.0 






fresh 


Gd-Pt-Rh-P-3 




Gd 2 O s 






0.36 


0.8 


0.2 


8.0 






fresh 



WO 03/074172 



-26- 



PO7EP03/02166 



Nd-Pt-Rh-P-l 




Nd 2 0 3 


- 


- 


0.36 


1.0 


0.0 


8.0 


- 


- 


fresh 


Nd-Pt-Rh-P-2 




Nd 2 0 3 


- 


- 


0.36 


0.9 


0.1 


8.0 


- 


- 


fresh 


Nd-Pt-Rh-P-3 




Nd 2 0 3 


- 


- 


0.36 


0.8 


0.2 


8.0 


- 


- 


fresh 


Sm-Pt-Rh-P-1 




Sm20 3 


- 


- 


0.36 


1.0 


0.0 


8.0 


- 


- 


fresh 


Sm-Pt-Rh-P-2 




Sm 2 0 3 


- 


- 


0.36 


0.9 


0.1 


8.0 


- 


- 


fresh 


Sm-Pt-Rh-P-3 




Sm 2 0 3 


- 


- 


0.36 


0.8 


0.2 


8.0 


- 


- 


fresh 


Gd-Pt-Rh-P-l-a 




Gd 2 0 3 


- 


- 


0.36 


1.0 


0.0 


8.0 


- 


- 


aged 


Gd-Pt-Rh-P-2-a 




Gd 2 0 3 


- 


- 


0.36 


0.9 


0.1 


8.0 


- 


- 


aged 


Gd-Pt-Rh-P-3-a 




Gd 2 0 3 


- 


- 


0.36 


0.8 


0.2 


8.0 


- 


- 


aged 


Nd-Pt-Rh-P-l-a 




Nd 2 Q 3 


- 


- 


0.36 


1.0 


0.0 


8.0 


- 


- 


aged 


Nd-Pt-Rh-P-2-a 




Nd 2 0 3 


- 


- 


0.36 


0.9 


0.1 


8.0 


- 


- 


aged 


Nd-Pt-Rh-P-3-a 




Nd 2 0 3 


- 




0.36 


0.8 


0.2 


8.0 


- 


- 


aged 


Sm-Pt-Rh-P-l-a 




Sm 2 0 3 


- 


- 


0.36 


1.0 


0.0 


8.0 


- 


- 


aged 


Sm-Pt-Rh-P-2-a 






- 


- 


0.36 


0.9 


0.1 


8.0 


- 


- 


aged 


Sm-Pt-Rh-P-3-a 




811^05 


- 




0.36 


0.8 


0.2 


8.0 


- 


- 


aged 


Rh-La-Ti 


1 


La 2 0 3 


- 


- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Pr-Ti 


1 


PT60m 


- 


- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Gd-Ti 


1 


Gd 2 0 3 


- 


- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Sm-Ti 


1 


Sm 2 0 3 


- 


• - 


0.3 


1.0 




8.0 


- 


- 


fresh 


Rh-Tb-Ti 


« 




- 


• - 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Yb-Ti 




Yb20 3 


- 




0.3 


1.0 




8.0 


- 


- 


fresh 


Rh-Nd-Ti 


' 


Nd 2 0 3 


- 


- 


0.3 


1.0 




8.0 


- 


- 


fresh 


Rh-Dy-Zr 


z 


Dy 2 0 3 




- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Er-Zr 


z 


Er 2 0 3 




- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Lu-Zr 


z 


Lu 2 0 3 




- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Eu-Zr 


z 


Eu 2 0 3 




- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-La-Zr 


z 


La 2 0 3 


- 


- 


0.3 


1.0 




8.0 


- 


- 


fresh 


Rh-Pr-Zr 


z 


Pr 6 0„ 


- 


- 


0.3 


1.0 


- 


8.0 


- 


- 


fresh 


Rh-Gd-Zr 


z 


Gd 2 0 3 


- 


- 


0.3 


1.0 


• - 


8.0 


- 


- 


fresh 


Rh-Sm-Zr 


z 








0.3 


1.0 




8.0 






fresh 


Rh-Tb-Zr 


z 


Tb 4 07 






0.3 


1.0 




8.0 






fresh 


Rh-Yb-Zr 


z 








0.3 


1.0 




8.0 






fresh 


Rh-Nd-Zr 


z 


Nd 2 Q 3 






0.3 


1.0 




8.0 






fresh 


Beta-Rh-1 .. 


b 








0.3 


0.33 










fresh 
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Beta-Rh-2 


b 


- 


- 


- 


0.3 


0.66 


- 


- 


- 


- 


fresh 


Beta-Rh-3 


b 


- 


- 


- 


0.3 


1 


- 


- 


- 


- 


fresh 


Beta-Rh-4 


b 


- 




- 


0.3 


1.33 


- 


- 


- 


- 


fresh 


Beta-Rh-5 


b 


• 


- 


- 


0.3 


1.66 


- 


- 


- 


- 


fresh 


Beta-Rh-6 i 


b 


- 


- 


- 


0.3 


2 


- 


- 


- 


- 


fresh 


Beta-Rh-7 


b 


- 


- 


- 


0.3 


2.33 


- 


- 


- 


- 


fresh 


Beta-Rh-8 


b 


- 


- 


- 


0.3 


2.66 


- 


- 


- 


- 


fresh 


Beta-Rh-9 


b 


- 


- 


- 


0.3 


3 


- 


- 


- 


- 


fresh 


Pt-110-Rh000 




- 


- 


- 


0.3 


- 


1.1 


- 


- 


- 


fresh 


Pt-095-Rh-015 




- 


- 


- 


0.3 


0.2 


1.0 


- 


- 


- 


fresh 


Pt-O90-Rh-020 




- 


- 


- 


0.3 


0.2 


0.9 


- 


- 


- 


fresh 


Pt-O30-Rh-O8O 




- 




- 


0.3 


0.8 


0.3 


- 


- 


- 


fresh 


Pt-016-Rh-094 




- 


- 


- 


0.3 


0.9 


0.2 


- 


- 


- 


fresh 


Pt-000-Rh-UO 






- 


- 


0.3 


1.1 


0.0 




- 


- 


fresh 


PtO-Rhl-Prl2 




Pr 6 O u 






0.36 


1.0 


0.0 


12 






fresh 


Pt0-Rhl-Pr6 




Pr 6 O u 






0.36 


1.0 


0.0 


6 






fresh 


Pt0.1-Rh0.9-Prl2 




PreO,, 






0.36 


0.9 


0.1 


12 






fresh 


Pt0.9-Rh(U-Prl2 




Pr 6 O n 






0.36 


0.1 


0.9 


12 






fresh 


PtO-Rhl-Prll.5-Zi0.5 








Zr 
O2 


0.36 


1.0 


0.0 


11.5 




0.5 


fresh 
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Example 5: Performance tests, in particular to determine the NO a conversion, on 
the catalysts of the invention compared with catalysts according to the prior art: 

The test and ageing conditions to which the above-described catalysts were sub- 
5 jected are shown in the table below. Each catalyst was exposed to a gas mixture in 
a closed, temperature-regulated reaction chamber. The gas mixture was mixed 
from the starting gases (see table) in a mixing chamber so that realistic exhaust gas 
conditions in rich and/or lean operation were simulated. In lean operation, corre- 
sponding to realistic exhaust gas conditions, the catalyst was exposed to a mixture 
10 of carbon monoxide, hydrocarbon, water, nitrogen and NO plus 6% of oxygen, i.e. 
the air index is greater than 1.2, while in rich operation the oxygen content is re- 
duced to zero. 



The ageing process is simulated by addition of vppm quantities (ppm by volume) 
15 of sulphur dioxide, as also corresponds to realistic conditions in fuel combustion. 



Table 2: 



Test conditions: 


Ageing: 


CO (lean): 


800 vppm 


°* : 


6.0 vol.% 


C3H$: 


150 vppm 


H 2 0: 


8.0 vol.% 


NO: 


380 vppm 


S0 2 : 


100 vppm 


0 2 (lean): 


6.0 vol.% 


N 2 : 


balance 


0 2 (rich): 


0.0 vol.% 






CO (rich): 


5.0 vol.% 


Total flow 


30 standard 1/h 


H 2 (rich) 


1.67 vol.% 


T: 


400°C 
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H 2 o 


8.0 vol.% 


Aceinc time* 


4-8 hour^ 


N 2 


balance 














Total flow 


60 standard 1/h 














t(lean) 


80 seconds 






t(rich) 


2.5 seconds 






T: 


variable 







Under test conditions, the respective catalyst was, in a series of cycles, exposed to 
rich conditions for the time windows indicated in the table and otherwise operated 
under lean conditions. Subsequent to the rich phase, i.e. in once again lean opera- 

5 tion, the nitrogen oxide content occurring downstream of the catalyst was then 
measured and integrated for 45 seconds each time. The measurements of the NO x 
concentration were carried out in a time-resolved manner at a data capture rate of 
0.5 Hz. To determine the NO x decomposition efficiency, a mean of the NO x con- 
centration is then calculated over 45 seconds immediately after occurrence of the 

10 2.5 second rich phase. This can then be compared with the originally introduced 
380 vppm. This measurement is repeated for various "exhaust gas" temperatures 
and the temperature in degrees Celsius is indicated on the horizontal axis, i.e. the x 
axis, in Figures 1 to 10. 

15 In Figures 1 to 4 and 7 to 10, the y vertical axis in each case shows the NO x con- 
tent in vppm (volume parts per million) measured downstream of the respective 
catalyst as described in the last section. 

Figure 1 shows the conversion achieved by fresh, i.e. not contaminated with sul- 
20 phur, storage catalysts according to the prior art (cf. the corresponding catalyst IDs 
in Table 1 above). The best of these catalysts (e.g. Pt-Ba-4 with BaO as alkaline 
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earth storage oxide), which are in the activated state, efficiently convert nitrogen 
oxides down to 20 vppm at virtually all temperatures. 

In Figure 2, the same measurement has been repeated using the same catalysts, 
5 with the effect. of poisoning by sulphur/effect of ageing now also being taken into 
account (conditions: cf. Table 2). Even the best storage catalysts now display a 
reduction in nitrogen oxide concentration to only about 280 vppm. Once again, this 
applies to the same extent at virtually all temperatures. 

10 Figure 3 shows the conversion of nitrogen oxides using the unaged catalyst ac- 
cording to the invention (Rh/Pt doped with Gd, Nd or Sm as rare earth oxide pro- 
moter). The storage catalyst according to the prior art (comparison with Figure 1) 
in the fresh state is superior in terms of the NO x conversion to the decompsoition 
catalyst of the invention at low temperatures (below 300°C) and at high tempera- 

15 tures (above 420°C) and is slightly superior or similarly good at temperatures in 
the range from 300°C to 420°C. 

However, this picture changes when, as is shown in Figure 4, the catalyst accord- 
ing to the invention is aged in the presence of sulphur under the same conditions as 

20 the storage catalyst according to the prior art for Figure 2 (cf. Table 2 above). 
While the storage catalyst in the aged state at best converts nitrogen oxide from 
380 vppm to 280 vppm (see Figure 2), the decompsoition catalyst of the invention 
is able to convert nitrogen oxides down to 120 vppm, in particular at temperatures 
which correspond to typical exhaust gas temperatures of lean-burn engines. This 

25 corresponds to an improvement by more than a fetor of 2 compared with the prior 
art. 



The fact that the catalyst of the invention actually fucntions in three-way operation, 
i.e. also oxidises hydrocarbons (HC) and carbon monoxide, is in each case shown 
30 in Figure 5 (CO oxidation, vertical y axis: vppm content of CO downstream of the 
catalyst) and Figure 6 (HC oxidation, vertical y axis: vppm content of HC). Thus, 
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for example, the catalysts of the invention containing Sm as promoter (e.g. Sm-Pt- 
Rh-P-3) remove virtually all carbon monoxide and virtually all hydrocarbons at 
realistic exhaust gas temperatures of about 300°C. 

5 Figure 7 demonstrates the above-discussed, increased activity of catalysts accord- 
ing to the invention having an increased Rh content compared with otherwise 
identical catalysts according to the invention having an increased Pt content It can 
be seen that Pt-containing catalysts which come close to the storage catalysts ac- 
cording to the prior art convert more NO x at relatively low temperatures (up to 

10 about 280°C), presumably since the superior NO2 formation and storage on the Pt 
has a major effect here, while at higher temperatures at which Rh and Pt form NO2 
to the same extent, the superior NO x decomposition capacity of Rh dominates. This 
can be seen, in particular, by comparison of Gd-Pt-Rh-4 (0.8% by weight of Rh 
and 0.2% by weight of Pt) with Gd-Pt-Rh-7 (no Rh, 1% by weight of Pt), in which 

15 case the Rh-rich catalyst is about twice as active as the pure Pt catalyst at exhaust 
gas temperatures which are relevant for a lean-burn engine. 

Figure 8 shows that an Rh-containing decompsoition catalyst without doping with 
rare earth oxides according to the prior art is clearly inferior to the Rh-containing 
20 decomposition catalyst of the invention with rare earth oxide doping (cf. Figure 3), 
in particular at the relatively high temperutres relevant for lean-bum engines. 

Figure 9 shows that in the case of the catalysts of the invention and in contrast to 
the storage catalysts according to the prior art, the basicity of the oxides used (stor- 
25 age catalysts: alkaline earth metal oxides; decomposition catalysts according to the 
invention: rare earth oxides) has no significant influence on the activity of the 
catalyst, especially not in a systematic way. In complete contrast to the behaviour 
found in the case of storage catalysts, a reduced basicity sometimes even results in 
an improved activity. 



30 
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Finally, Figure 10 shows two things: (i) firstly, the NO x activity of the catalyst of 
the invention can be increased by doping of the Rh-rich catalyst with small 
amounts of Pt (cf. Pt0-Rhl-Prl2 versus PtO.l-RhO.9Prl 2) and, in particular, the 
behaviour at relatively low temperatures can also be improved, and secondly (ii) 
5 doping of the rare earth oxide with an oxide selected from the group consisting of 
zirconium, hafnium and titanium oxides can increase the activity of the catalyst of 
the invention (cf. PtO — Rhl-Prl2 versus PtO-Rhl-Prll.5-Zr0.5), in this example 
even without any addition of Pt. 
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Claims 



1. Catalyst for purifying exhaust gases from lean-burning engines, comprising 
at least the following components: 

5 

(i) at least one porous support material; 

(ii) rhodium as active metal, either alone or together with at 
least one further active metal, where the mass ratio, based on 
the elements, of rhodium to the sum of all further active 

10 metals in the catalyst is at least 1:4.5; 

(iii) at least one rare earth oxide as promoter. 



2. Catalyst according to Claim 1, characterized in that the proportion of the 
sum of rhodium and all further active metals used relative to the total po- 
15 rous support material used in the catalyst is in the range from 0.1% by 

weight to 3% by weight. 



3. Catalyst according to claim 1 or 2, characterized in that the porous support 
material is selected from the group consisting of refractory oxides, mixed 
20 oxides and oxide mixtures. 



4. Catalyst according to at least one of the preceding claims, characterized ift 
that the further active metal or metals is/are selected from the group con- 
sisting of Ru, Pd, Os, Ir, PL 

25 

5. Catalyst according to at least one of the preceding claims, characterized in 
that the rare earth oxide or oxides which function(s) as promoter is/are se- 
lected from selected from the group consisting of La, Ce, Pr, Nd, Sm, Eu, 
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Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu oxide and mixtures and/or mixed oxides of 
at least two of the above-mentioned oxides. 



Catalyst according to at least one of the preceding claims, characterized in 
that the rare earth oxide is doped with at least one further oxide selected 
from the group consisting of zirconium oxide, titanium oxide and hafnium 
oxide. 



7. Method of purifying exhaust gases from lean-burning engines in rich-lean 
10 operation, characterized in that at least one catalyst according to at least one 

of claims 1 to 6 is used. 



8. Method according to Claim 7, characterized in that the rich-lean operation 
is carried out in alternating rich and lean cycles, with the ratio of the dura- 
15 tion of lean cycles to rich cycles during normal operation being at least 10:1 

and the absolute duration of a lean cycle in normal operation being from 10 
seconds to 120 seconds. 



9. Method according to Claim 7 or 8, characterized in that the purification of 
20 exhaust gas comprises the simultaneous oxidation of hydrocarbons and car- 
bon monoxide and the reduction of nitrogen oxides and, optionally in the 
case of diesel engines, the removal of soot. 

10. Method according to at least one of Claims 7 to 9, characterized in that the 
25 lean-bum engine is selected from the group consisting of gasoline engines 

w j l j 1 < ^ rect gasoline injection, hybrid engines, diesel engines, multifuel en- 
gines, stratified charge engines and also gasoline engines with unthrottled 
part-load opertion and relatively high compression or with unthrottled part- 
load operation or relatively high compression, in each case together with 
30 direct injection. 
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11. Method according to at least one of Claims 7 to 10, characterized in that the 
catalyst according to any of Claims 1 to 6 is used in any combination with 
at least one catalyst or filter selected from the following group: starting 
5 catalyst, HC-SCR catalyst, NO* storage catalyst, X-regulated three-way 

catalyst, particle filter, soot filter. 



12. Method according to Claim 11, characterized in that the combination of the 
catalyst of the invention with at least one of the catalysts or filter of claim 

10 1 1 is in accordance with at least one arrangement selected from the group 

consisting of: (i) sequential arrangement of the various catalysts, (ii) physi- 
cal mixing of the various catalysts and application to a common shaped 
body or (iii) application of the various catalysts in the form of layers to a 
common shaped body. 

15 

13. Use of rare earth oxides for doping catalysts used in the purification of ex- 
haust gases from lean-burn engines. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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